Proteins with iron -sulfur (Fe -S) clusters participate in multiple metabolic pathways throughout the cell. The mitochondrial ABC half-transporter Abcb7, which is mutated in X-linked sideroblastic anemia with ataxia in humans, is a functional ortholog of yeast Atm1p and is predicted to export a mitochondrially derived metabolite required for cytosolic Fe -S cluster assembly. Using an inducible Cre/loxP system to delete exons 9 and 10 of the Abcb7 gene, we examined the phenotype of mice deficient in Abcb7. We found that Abcb7 was essential in extra-embryonic tissues early in gestation and that the mutant allele exhibits an X-linked parent-of-origin lethality effect. Furthermore, using X-chromosome inactivation assays and tissue-specific deletions, Abcb7 was found to be essential for the development and function of numerous other cell types and tissues. A notable exception to this was liver, where loss of Abcb7 impaired cytosolic Fe -S cluster assembly but was not lethal. In this situation, control of iron regulatory protein 1, a key cytosolic modulator of iron metabolism, which is responsive to the availability of cytosolic Fe -S clusters, was impaired and contributed to the dysregulation of hepatocyte iron metabolism. Altogether, these studies demonstrate the essential nature of Abcb7 in mammals and further substantiate a central role for mitochondria in the biogenesis of cytosolic Fe -S proteins.
INTRODUCTION
Mitochondria play a central role in cellular iron metabolism. Not only do the initial and final steps of heme biosynthesis occur in mitochondria, so does the biosynthesis of ironsulfur (Fe -S) clusters, which perform essential structural and catalytic roles in many mitochondrial enzymes (1 -3) . Studies in yeast have shown that the mitochondrial Fe-S cluster synthesis machinery also has an essential function in providing a component needed for extramitochondrial Fe -S protein assembly (4, 5) . In fact, the yeast requirement for mitochondria depends not on their function in energy metabolism, but instead is due to their necessity in forming an essential cytosolic Fe -S protein, Rli1p, involved in ribosome biogenesis (6, 7) . Although yeast is a genetically flexible system for modeling mammalian mitochondrial Fe -S cluster metabolism, sparingly little of this work has been directly validated in mammalian cells. The primary exception being the study of Friedreich ataxia, which is a neurodegenerative disorder due to mutations in a mitochondrial protein, frataxin, that influences mitochondrial Fe -S cluster synthesis (8, 9) . Nonetheless, the particular role and the extent to which extramitochondrial Fe -S clusters contribute to this or other human diseases has, for the large part, not been investigated.
Studies in yeast also indicate that there is a complex relationship between Fe -S cluster assembly pathways and iron metabolism as a whole. For instance, disruption of Fe -S cluster biogenesis in mitochondria impairs heme formation in yeast by inhibiting the activity of ferrochelatase (10) . Furthermore, Aft1p and Aft2p, iron-regulated transcription factors controlling yeast iron homeostasis, respond not to cytosolic iron, but to the rate of mitochondrial Fe-S cluster synthesis (11 -13) . Similarly, in mammals, the action of iron regulatory protein 1 (IRP1), a cytosolic modulator of iron homeostasis, is controlled in part by an Fe -S clusterdependent mechanism (14, 15) . However, how perturbations in cytosolic Fe -S cluster assembly alone directly affect IRP1 function and influence cellular and systemic mammalian iron metabolism have not been explored.
In yeast, Atm1p, an ATP-binding cassette (ABC) transporter of the inner mitochondrial membrane, is required for maturation of cytosolic Fe -S apo-proteins to their holo-forms (4) . Consequently, Atm1p links the mitochondrial and cytosolic pathways for Fe-S cluster assembly, presumably by mediating the transport of a component required for cytosolic Fe-S cluster assembly from the mitochondria to the cytosol. Yeast with chromosomal deletions in ATM1 (Datm1) develops mitochondrial iron overload, which can be fully rescued by the human ortholog ABCB7 (16 -19) . Mitochondrial iron overload resembling the Datm1 phenotype is a feature of several human diseases, most notably sideroblastic anemias (20) . An unusual form of X-linked sideroblastic anemia, syndromically associated with ataxia and severe developmental hypoplasia of the cerebellum [X-linked sideroblastic anemia with ataxia (XLSA/A)] has been described in four families and is due to mutations in ABCB7 (16,21 -25) . Each of the three-recorded disease-causing alleles is a missense mutation in exon 9 or 10 of the gene. In order to further explore the function of mammalian Abcb7 and the link between mitochondrial and cytosolic Fe -S cluster biogenesis and cellular iron metabolism, we have created a conditionally targeted allele of the gene in mice. Here, we report that Abcb7 is an essential gene in mice and, like its yeast counterpart, participates in the maturation of cytosolic Fe -S cluster proteins in mammals.
RESULTS
Abcb7 is an essential gene in mice associated with X-linked parent of origin lethality
We targeted a loxP site and a loxP-flanked neomycinresistance cassette (Neo R ) into introns 8 and 10 of Abcb7 of embryonic stem (ES) cells to create a conditionally targeted allele flanked by loxP sites ('floxed' allele, Fig. 1A and B) . Transient transfection of correctly targeted ES clones harboring the floxed allele (including the Neo R cassette, Fig. 1C ) with a plasmid encoding Cre-recombinase readily yielded neomycin-sensitive subclones, but none of these .50 colonies contained a null allele in which exons 9 and 10 were also deleted (Fig. 1D) . As the ES cells are karyotypically male (i.e. 40, XY and hemizygous for the X-linked Abcb7gene), and we were able to obtain deletion of exons 9 and 10 in vivo ( Fig. 1E and discussed subsequently), we conclude that Abcb7 is an essential gene in ES cells cultured in vitro.
Several independently targeted ES cell clones were injected into blastocysts and gave rise to chimeric males that transmitted the modified Abcb7 allele through the germline. Mice hemi-and homozygous for the Neo R -less floxed allele (Fig. 1D, Abcb7 f l/Y and Abcb7 f l/f l , respectively) on mixed 129S substrain, and 129S6/SvEvTac (N 4 ) and C57BL/6J (N 8 ) congenic backgrounds, were viable and fertile and had no grossly visible neurological phenotype or measurable hematological abnormality (data not shown). In order to obtain a germline null allele, we crossed chimeric 129S4/SvJae Abcb7 f l/Y males to a Cre-recombinase transgenic (Tg) line, FVB-Tg(Gata1-Cre), which typically behaves as a generalized deleter strain (26) , to obtain [FVB Â 129]F 1 females nominally heterozygous for an Abcb7 null allele (Abcb7 þ/2 , Supplementary Material, Fig. S1A ). Breeding these females to wild-type males yielded neither live born male nor female pups with a germline null allele (Table 1) . Similarly, the reciprocal intercross mating, in which an Abcb7 f l/f l female was crossed to a Gata1-Cre male produced no animals with a germline null allele (Supplementary Material, Fig. S1B ; Table 1 ). In both crosses, several females and males bearing the conditional allele with no or partial somatic deletion were born alive; in these cases, rearrangement was essentially limited to the bone marrow of Cre-positive female animals, consistent with the preferential bone marrow deletion in animals escaping early embryonic deletion previously reported with this Cre transgene (26) . Embryonic dissections indicated that both male and female Cre-positive embryos died at or prior to E6.5-E7.5 (Table 2) . Histological examination revealed slightly growth-retarded, inviable embryos, typically with fibrin and hemorrhage in the region of the ectoplacental cone, but without other distinctive histological features or histochemical evidence of excess iron deposition ( Fig. 2 and data not shown). Notably relevant to XLSA/A, yolk sac hematopoietic progenitors could be identified histologically (Fig. 2C) .
These data indicate that Abcb7 is essential for mouse development and provided evidence for a parent of origin effect of expression of the gene; inheritance of either a germline null allele from the female or a conditional allele and a Gata1-Cre transgene from the female and male parents, respectively, resulted in death whether the embryo was a hemizygous Abcb7 f l/Y male or a heterozygous Abcb7
female. Furthermore, this specifically implicated an abnormality in the extra-embryonic tissues, as the female-derived X-chromosome is preferentially active in the extra-embryonic tissues of eutherian mammals (27) .
To further explore the likelihood of an extra-embryonic defect, we crossed Abcb7 f l/ f l females to males hemizygous for a Sox2-Cre (Supplementary Material, Fig. S1C ) transgene, which drives Cre expression only in the embryonic epiblast, sparing many of the extra-embryonic tissues (28); we also performed a cross with males hemizygous for a Villin-Cre transgene (Supplementary Material, Fig. S1D endoderm (29, 30) . In toto, these Cre transgenic lines produce nearly complementary, non-overlapping patterns of deletion in the embryo and extra-embryonic tissues. Consistent with our hypothesis, using the Sox2-Cre line, we were able to obtain healthy live-born females that appeared to have fully rearranged the single conditional allele inherited from their mother (Table 3 and data not shown). As with the Gata1-Cre transgene, these nominally Abcb7 þ/2 females were unable to transmit the null allele to live-born progeny (data not shown). Dissection of embryos from Abcb7 f l/f l Â Sox2-Cre pairings revealed that transgene-positive Abcb7 f l/Y males died at E7.5 -8.5, slightly later than in the Gata1-Cre crosses, indicating that sparing the extra-embryonic defect is succeeded by a lethal Abcb7-dependent embryonic abnormality in early-mid gestation. Furthermore, and supportive of the notion that the extra-embryonic tissues are the cause of the early lethality, we observed no live born Villin-Cre positive males or females in crosses between Abcb7 f l/f l females and Villin-Cre males (Supplementary Material, Fig. S1D ; Table 3 ). Taken together, these data demonstrate that Abcb7 is an essential gene in mice because of a requirement for Abcb7 in the extra-embryonic tissues early in gestation.
Abcb7 is required for the development or maintenance of multiple adult cell lineages
In order to evaluate the role of Abcb7 at later stages in development, we bred the Abcb7 f l allele to several tissue-specific or inducible Cre transgenic lines. We were particularly interested Table 1 . Global deletion of Abcb7 leads to X-linked parent of origin lethality: weaned animal analysis
Neither of these animals carried Gata1-Cre. None of these animals demonstrated rearrangement of the conditional allele in tail DNA. Table 2 . Global deletion of Abcb7 leads to X-linked parent of origin lethality: embryonic dissection analysis Gestation day % Alive % Dead in the development of the central nervous system (CNS) and hematopoietic system, as these tissues are clinically affected in the human disorder XLSA/A. Inducible deletion in the bone marrow with MX1-Cre (31) led to bone marrow failure (C. Pondarré and M.D. Fleming, unpublished data). Nestin-Cre mediated CNS deletion (32) resulted in no gross abnormalities in brain development, but proved to be lethal in the immediate perinatal period ( Table 4) . As cerebellar development occurs primarily after birth in mice, the nature of the cerebellar dysgenesis seen in XLSA/A patients could not be evaluated. Given the failure of the targeted, tissue-specific approach to produce viable animals in which we could study a biochemical phenotype, we sought to simultaneously evaluate the requirement for Abcb7 in multiple tissues. In order to do so, we examined X-inactivation patterns in female mice harboring a paternally inherited Abcb7 f l allele in cis with a 'ubiquitously' expressed X-linked green fluorescent protein (GFP) transgene (33) in the presence or absence of a maternally derived Gata1-Cre transgene. In female animals without Cre, X-inactivation should be stochastic, and GFP should be expressed in a variegated pattern in any tissue in which the promoter is active. In contrast, in the presence of Cre, GFP should not be expressed tissues in which Abcb7 is essential at any point in development or for maintenance of that cell lineage. We found that in heterozygous females lacking a Cre transgene, GFP protein was expressed in a variegated pattern, consistent with random X-inactivation, in most tissues (Fig. 3A) . Notably, however, GFP was not expressed in most bone marrow cells, as well as lymphoid cells in the thymus and spleen, and present in only a minor subset of hepatocytes; the inactivity of the promoter precluded Xinactivation analysis in these tissues. However, in the presence of Cre, essentially all organs lacked GFP-positive parenchymal cells, providing evidence that Abcb7 is essential for the development and/or maintenance of numerous cell types ( Fig. 3B and C). This result is congruous with the widespread expression of Abcb7 in embryonic and adult murine tissues ( Fig. 3F and  G) . Remarkably, capillary endothelial cells in many tissues, including glomerular tufts in the kidney, retained the variegated pattern of expression regardless of Cre status ( Fig. 3D and E) , suggesting that Abcb7 is not essential in this lineage.
Hepatocyte-specific Abcb7 deletion disturbs cellular and systemic iron metabolism Although the GFP transgene was expressed only in a minor subset of hepatocytes in animals lacking Cre, in the presence of Cre, GFP staining persisted in a fraction of these cells (data not shown). This suggested that the active Xchromosome in these cells expressed the modified Abcb7 allele. In order to investigate this more thoroughly, we bred the conditional deletion allele to a hepatocyte-specific Cretransgenic line: B6.Cg-Tg(Alb-Cre)21Mgn/J [Alb-Cre]. The albumin promoter driving Cre expression in this line is generally not substantially active until after birth, with complete hepatocyte deletion not occurring until 4-6 weeks after birth (34 and data not shown). Male animals carrying the Abcb7 f l allele and Alb-Cre will be subsequently referred to as Abcb7 lv/Y to reflect the hepatocyte-specific deletion. Abnormal iron metabolism in XLSA/A and in yeast deficient in Atm1p (Datm1) lead us first to examine systemic iron parameters in Abcb7 lv/Y mice. We found that the serum iron and total iron binding capacity (TIBC) were unchanged, however, the transferrin saturation was significantly increased in knockout animals (Fig. 4A) . In order to investigate the cause of this difference, we examined liver iron parameters and found that total liver iron was increased by 76% in the mutants (Fig. 4B) . As XLSA/A and Datm1yeast are specifically associated with increased mitochondrial iron, it was 
somewhat surprising that the increase in liver iron was not associated with mitochondrial iron overload (Fig. 4B) . Liver iron loading was accompanied by a trend (P ¼ 0.07) toward a slight increase in ferritin protein and a co-existent, apparently paradoxical, rise in transferrin receptor-l (TfR1) protein ( Fig. 4C and discussed subsequently). Perl's Prussian blue iron stain showed a small subset of hepatocytes, typically located adjacent to a portal triad or central vein, that contained abundant, coarsely granular cytosolic iron deposits, often with a central clearing, and that were morphologically distinct from ferritin (Fig. 4D) . Electron microscopy showed that these structures were electron-dense rings with a homogenous center morphologically typical of neutral lipid ( Fig. 5B and D) . We also observed numerous cytosolic lipid droplets and pale, swollen mitochondria suggestive of metabolic and/or mitochondrial injury ( Fig. 5B and D) ; mitochondria with electron-dense deposits typical of iron were not present. Consistent with the impression of mild hepatocellular injury, Abcb7 lv/Y livers also Genotypes of embryos, newborns (P1) and weanlings from an Abcb7 fl/þ Â Nestin-Cre Tg/þ cross are given. showed mild hepatic architectural disarray and hepatocellular multinucleation on routine hematoxylin and eosin (H&E) tissue sections (data not shown). Limited, ongoing liver damage was further substantiated by a 2-fold increase in serum levels of liver-derived transaminases (data not shown).
Hepatocellular deletion of Abcb7 impairs the activity of cytosolic but not mitochondrial Fe-S proteins
Because the yeast ortholog of Abcb7, Atm1p, is required for formation of Fe -S clusters in the cytosol, but not in the mitochondria (4), we determined the activity of Fe -S enzymes in wild-type and Abcb7 lv/Y mice. Ferrochelatase is a mitochondrial Fe -S enzyme in the heme biosynthetic pathway. We found that its activity was not different between wild-type and Abcb7 lv/Y mice (Fig. 6A) . The activity of mitochondrial aconitase, a Fe-S enzyme in the tricarboxylic acid cycle, was slightly increased in the mutant animals (Fig. 6A) . Activity of succinate dehydrogenase (SDH), another mitochondrial Fe -S enzyme that participates in the electron transport chain (complex II), was reduced by 20% in mutants when normalized to the activity of cytochrome C oxidase (CCO) (complex IV) (35) . As in liver, the activity of complex I is one-half of complex II, the minor decrease in complex II activity observed here is not likely to limit electron transport chain flux, at least when NADH is the source of electrons (36) . Overall, deletion of Abcb7 had little impact on hepatocyte mitochondrial Fe -S enzyme activity. In contrast, the activity of the cytosolic Fe -S protein xanthine oxidase (XO), which also contains a molybdenum cofactor prosthetic group, whose biosynthesis also appears to be dependent on Fe -S proteins (37), was reduced by 50% (Fig. 7A) . As disruption of Atm1p in yeast resulted in a loss in the activity of the cytosolic Fe -S protein Leu1p, without affecting its protein level (4), we determined the abundance of XO protein. XO protein level was not affected by the loss of Abcb7 (Fig. 7A) . In sum, these data support a role for Abcb7 in the assembly of cytosolic, but not mitochondrial, Fe -S clusters in the liver.
Activation and altered regulation of IRP1 and IRP2 in Abcb7 lv/Y mice
As the function of IRP1 (aconitate hydratase 1), a cytosolic regulator of mammalian iron metabolism, is controlled through gain and loss of its Fe -S cluster, we sought to determine whether it too was influenced by the loss of Abcb7. In iron deficiency, IRP1 lacks its [4Fe -4S] cluster and controls the synthesis of ferritin and TfR1 by binding iron responsive elements in their mRNAs (14, 15) . When iron levels increase, assembly of the Fe -S cluster in IRP1 inactivates RNA binding, thereby maintaining iron homeostasis; in the holoform, IRP1 is the cytosolic isoform of aconitase (c-acon). Similar to XO, c-acon activity declined significantly (90%) in the liver of Abcb7 lv/Y mice relative to wild-type animals (Fig. 7B) . This was accompanied by the expected reciprocal rise in IRP1 RNA binding activity, which increased by nearly 6-fold (Fig. 7B ). This provides a likely explanation for the 60% increase in TfR1 protein in Abcb7 lv/Y liver (Fig. 4C) . Unexpectedly, and in marked contrast to XO, IRP1 protein level declined by nearly 60% in Abcb7 lv/Y liver, suggesting regulation of IRP1 at the protein level. We have subsequently gone on to show that this effect is likely a consequence of the unique role that IRP1 plays in iron metabolism and is, in large part, due to iron-dependent, cluster-independent mechanisms of regulating IRP1 protein (38) .
We also determined the activity of IRP2, an RNA binding protein functionally homologous to IRP1 whose activity is controlled through iron-dependent changes in protein turnover. In Abcb7 lv/Y liver, we found that IRP2 RNA binding activity was increased 50% and its protein level was increased by 24% (Fig. 7C ). This effect is contrary to the apparent cellular iron overload and suggests that the iron sensing mechanism is reacting as if the cell is iron deficient (4, 13) . As recent evidence suggests that IRP2 protein turnover can be directly dependent on cytosolic heme levels (39), it is possible that these cells are heme deficient, yet iron overloaded.
DISCUSSION
Animal models of rare human disorders can provide unique insights into the pathogenesis of disease and the normal function of the mutated proteins. Our studies of Abcb7 have afforded an opportunity to examine the function of the protein in a mammalian system. We found that Abcb7 is an essential gene in mice because of an early requirement for the protein in the extra-embryonic tissues and have provided additional genetic evidence that Abcb7 is indeed functionally orthologous to Atm1p, playing a role in the formation of cytosolic Fe-S proteins. Furthermore, we demonstrate that in mammals, as in yeast, there is a complex interplay between the mitochondria and cytosol in sensing and controlling the iron status of the cell.
That ES cells and male mice deficient in Abcb7 were inviable was not surprising, given the requirement for a similar protein in lower eukaryotes. Unexpected, however, was the fact that a maternally inherited modified Abcb7 allele was lethal to female embryos. By breeding to a series of Cretransgenic lines, we were able to demonstrate that the lethality was specifically due to a defect in the extra-embryonic visceral endoderm, which like all of the extra-embryonic tissues preferentially maintains the female X-chromosome as the active allele. This so-called X-linked parent of origin effect has been reported for several other null or severely hypomorphic alleles of X-linked genes, including several modeling hematological diseases in man (e.g. glucose-6-phosphate dehydrogenase deficiency and X-linked dyskeratosis congenita) (40, 41) . In each case, embryonic death can be attributed to morphologically distinctive developmental defects in the extra-embryonic tissues. However, in most other examples, lethality occurs somewhat later in embryogenesis and at a point where male and female embryos can be distinguished by genotyping. In the case of Abcb7, we were unable to determine the sex of the embryos because of their early demise and cannot infer whether males were more severely affected than females. If male embryos did indeed die earlier than female embryos, this would imply that Abcb7 was essential for an embryonic function prior to the requirement in the extraembryonic tissues. However, the observation that male embryos in which deletion occurs only in the epiblast (using Sox2-Cre) die at a slightly later time would suggest that the immediate cause of death is truly due to a defect in the extra-embryonic visceral endoderm.
Abcb7 mRNA is widely distributed and tissue-specific deletions in the CNS and bone marrow are lethal (Table 1 and Fig. 5) (data not shown) . This confirms the suggestion that XLSA/A in man is likely due to ABCB7 partial loss of function mutations, as a complete loss of function allele would almost certainly be lethal because of its effects on the extraembryonic tissues, CNS and/or bone marrow at a minimum. Furthermore, X-inactivation analysis indicated that Abcb7 was essential in nearly all tissues. The primary exception to this is the observation that hepatocytes and endothelial cells can apparently survive in the absence of the protein. Why Human
hepatocytes, in particular, are spared from the lethal effects of Abcb7 is unclear. Three possibilities include (i) that the Alb-Cre achieves only partial deletion of the conditional allele, (ii) that Abcb7 is redundant in certain cell types and (iii) that certain cell types are more or less sensitive to or dependent on the downstream effects of loss of Abcb7. Genotyping of Abcb7 lv/Y livers by Southern blot or PCR demonstrates that 80 -90% of the cells have rearranged the Abcb7 f l conditional allele to the null allele (data not shown). The small fraction of cells with a residual, unrearranged conditional allele is not inconsistent with the number of Kupffer, vascular and other accessory cells present in the liver in which Alb-Cre is inactive, suggesting that there is a complete or near-complete deletion in the hepatocyte lineage. These cells undoubtedly contribute to the residual enzymatic activities (such as XO) measured in these samples and consequently mitigate the effects on bulk tissue enzyme assays. Furthermore, there are at least four other mitochondrial ABC half transporters in mammals (42) . One of these, Abcb6 (mtAbc3 and UMAT1), has previously been shown to partially complement the Datm1 yeast phenotype (43 -45) . Furthermore, the expression of Abcb6 and Abcb7 are largely overlapping in adult tissues, with Abcb6 being expressed at particularly high levels in the liver (Supplementary Material, Fig. S2 ). Consequently, functional redundancy could both play a role in the survival of Abcb7 null hepatocytes and contribute to the incomplete loss of Fe-S protein activity. Alternatively, the hepatocyte may be less dependent on cytoplasmic Fe-S proteins such as the mammalian homolog of Rli1p. Furthermore, given the hepatocyte's pivotal role in systemic iron metabolism, it may be uniquely adapted to accommodate metabolic dysregulation brought on by Abcb7 deficiency. In this regard, the surprising decrease in IRP1 protein level in liver of Abcb7 mice suggests the presence of a compensatory mechanism to prevent excessive accumulation of RNA binding activity when Fe -S cluster-insertion is impaired and thereby limit hepatocyte damage (38) .
The localization of Abcb7 to the mitochondrial inner membrane with its ABC domain facing the matrix places the protein at the gateway between the mitochondria and the cytosol and predicts that Abcb7 exports a mitochondrially generated metabolite to the cytosol (2, 4) . Interestingly, and 
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Human Molecular Genetics, 2006, Vol. 15, No. 6 in some contrast to yeast cells and erythroid precursors in XLSA/A, Abcb7 deficiency in the liver yields a modest mitochondrial phenotype; to the extent we examined mitochondrial function, we observed only mild morphologic and enzymatic defects. The apparent discrepancy in mitochondrial iron overload and dysfunction between yeast and XLSA/A patient erythroid cells and Abcb7-deficient hepatocytes may, among other possibilities, be due to functionally redundant proteins, tissue-specific effects resulting from a relatively high requirement for mitochondrial heme biosynthesis in erythroid cells, secondary, compensatory effects unique to mammalian cells that are dependent on the persistence of at least some Abcb7 activity or differences in iron requirements in proliferating yeast cells relative to mature hepatocytes.
More apparent than the mitochondrial effects, however, were the cytosolic effects of Abcb7 deletion, particularly cytosolic iron inclusions. Although the inclusions have some resemblance in size and shape to mitochondria, we were unable to identify intermediate structures, indicating that it is unlikely that the inclusions were derived from mitochondria. Furthermore, in no case were the inclusions seen to be associated with a membrane, indicating that they are not derived from any another organelle. Lastly, review of electron micrographs of murine neurons lacking frataxin also shows cytosolic lipid droplets with a similar, but somewhat eccentric, electron-dense rim (46) . These structures, it would appear, may not be unique to Abcb7-deficient liver and may instead be a more generalizable effect of cytosolic Fe-S cluster deficiency. Fe-S cluster deficiency was accompanied by dysregulated activation of IRP1 and IRP2, which likely contributed to increased TfR1 expression and iron uptake in Abcb7 lv/Y animals; the slight, but not statistically significant, simultaneous rise in ferritin expression may reflect iron-regulation of ferritin gene transcription or protein stability (47, 48) . In the end, however, the increased liver iron appears to not be appropriately sensed by IRP and suggests that like yeast Aft1p and Aft2p, IRP RNA binding activity may respond more to the flux of iron through specific metabolic pathways (i.e. Fe -S cluster assembly) than to the absolute level of cellular iron. Similarly, recent observations in zebrafish with mutations in the mitochondrial Fe-S cluster biogenesis protein glutaredoxin 5 indicate that deficiency of Fe -S clusters may lead to inappropriate activation of IRP1 and death not as a consequence of mitochondrial deficiency of Fe -S clusters per se, but rather because of inappropriate regulation of downstream targets of cytosolic IRP1 (49) . Hence, although the targeted deletion of IRP1 alone may not have a substantial phenotype (50, 51) , dysregulation of IRP1 by alterations in Fe-S metabolism may well indeed contribute to the pathogenesis of Fe -S cluster disorders, such as Friedreich ataxia and XLSA/A.
MATERIALS AND METHODS

Animals
J1 ES (129S4/SvJae lineage) cells were transfected with the gene targeting construct shown in Figure 1 , selected for G418 resistance and ganciclovir sensitivity, and analyzed by Southern blot for homologous recombination using standard techniques (52) . The Neo R cassette was excised in vitro by transient transfection of a Cre recombinase plasmid (Dr Charles Roberts, Dana Farber Cancer Institute, Boston, MA, USA) and G418 sensitive subclones analyzed for recombination of the locus by Southern blot using external probes 5 0 and 3 0 of the targeting construct (Fig. 1) . Chimeric male mice were generated from individual recombinants with and without the Neo R cassette, and the modified Abcb7 allele transmitted through the germline. In many instances, experiments were performed with and without the Neo R cassette in place; the results did not differ between these groups. C57BL/ 6J-Albumin-, Nestin-and Sox2-Cre-recombinase transgenic lines were obtained from the Jackson Laboratory (Bar Harbor, ME, USA). FVB/J-Tg(Gata1-Cre) and outbred Villin-Cre lines were obtained from Drs Stuart Orkin (Children's Hospital, Boston, MA, USA) and Sylvie Robine (Paris, FR), respectively. Embryo dissections were performed using routine techniques with the morning that the post-coital plug was observed defined as E0.5. All experiments with Alb-Cre were performed in Abcb7 f l/Y males at 6 or 8 weeks of age. All animal procedures were reviewed and approved by the Animal Care and Use Committee, Children's Hospital Boston.
Gene expression and phenotypic and X-inactivation analyses
An adult mouse multitissue poly-A selected northern blot (OriGene, Rockville, MD, USA) was probed with murine Abcb7, Abcb6 and b-actin ORF probes. In situ hybridization of murine embryos was performed as previously described (53), using a 35 S-labeled riboprobe corresponding to nucleotides 308-691 of the murine Abcb7 cDNA (Ensembl transcript ID ENSMUST00000033695). Serum iron parameters were determined using the serum iron/UIBC kit from Sigma Diagnostics (Sigma-Aldrich, St Louis, MO, USA). Tissue and mitochondrial iron were measured as previously described (54) . All histological and immunohistochemical analyses were performed on routine formalin-fixed, paraffin-embedded sections. GFP immunohistochemistry was performed as previously described (55) . Electron microscopy was performed using routine osmium tetroxide treated, uranyl/lead acetate stained thin sections in the Electron Microscopy Facility in the Department of Pathology, Children's Hospital Boston.
IRE RNA binding activity IRP1 and IRP2 RNA binding assays were determined using a quantitative RNA binding assay with rat L-ferritin RNA as described previously (57) . After binding of [ 32 P]IRE to protein, heparin was added and bound and free RNA separated by electrophoretic mobility shift assay as described (57) . Results were quantified by phosphorimaging including the use of an RNA standard curve (58) .
Liver subcellular fractionation and enzyme assays
Cytosol and mitochondria were obtained as described (56) . Aconitase assays were performed at 258C for 10 min as described (59) . For XO activity, a kit from Molecular Probes, Inc. (A-22182, Eugene, OR, USA) was used. Ferrochelatase (60), citrate synthase (CS) (61), SDH (62) and CCO (Sigma-Aldrich, St Louis, MO, USA) assays were performed as described. Protein levels were quantified using the ImageQuant software supplied with the BioRad ChemiDoc gel documentation system (Hercules, CA, USA).
Immunoblotting and antibodies
For determination of protein levels, either whole-tissue homogenate or cytosol was used. The IRP1 blotting was performed as described (57) . Other antibodies included rabbit anti-bovine XO (cat. no. ab6194, Abcam, Cambridge, MA, USA), Ferritin (63) and monoclonal rat anti-TfR1 (rat anti-CD71, cat. no. MCA1033G, Accurate Chemical & Scientific Corp., Westbury, NY, USA).
